A 3-D model is employed to investigate the non-isothermal 2-phase flow in GDLs. The GDL's liquid water (or liquid-free) region is determined by the Da 0 number. A liquid-free GDL zone is created though the channel is subject to two-phase flow. Such a liquid-free zone benefits water management, avoiding flooding and dryness. a r t i c l e i n f o 
Introduction
Water management is a central issue in the development of polymer electrolyte fuel cells (PEFCs): liquid water may considerably increase the oxygen transport resistance and hence the transport polarization whereas dryness dehydrates the electrolyte membrane, raising the Ohmic voltage loss. PEFCs produce water during operation and the electro-osmosis enlarges the water imbalance between the anode and cathode sides, making water management a complex operation that requires a careful treatment. Issues such as diffusion media dewetting, anode rehydration, and internal humidification have received much attention in recent years [1] . Modeling and numerical simulation are capable of revealing details of transport phenomena, and is a powerful tool for elucidating water management.
Modeling two-phase transport in PEFCs is an active area of research [1e5]. Springer et al. [6] , Nguyen and White [7] , Fuller and Newman [8] , and Bernardi and Verbrugge [9] , to name just a few, represent an early pioneering effort dated back in 1990s. In their studies, the through-plane direction is the focus with both electrochemical and transport activities accounted for. Multidimensional models, based on conservation equations (continuity, fluid flow, energy and so on) in conjunction with electrochemical reactions, were attempted by later studies such as the twodimensional models of Yi and Nguyen [10] and Gurau et al. [11] and the three dimensional models of Dutta et al. [12] , Zhou and Liu [13] , Berning et al. [14] , Mazumber and Cole [15] , Um and Wang [16] and Wang and Wang [17] , to name just a few. These models mostly neglected liquid water formation and transport and assumed water exists in a super saturated state. Two-phase models were developed by He et al. [18] , Natarajan and Nguyen [19] , Berning and Djilali [20] , Mazumber and Cole [21] , Wang and coworkers [22e24], You and Liu [25] , Hu and Fan [26] , and Webber and Newman [27] , to name just a few. They considered vapor and liquid water moving at different velocities. Other liquid water behaviors including the surface tension and flooding effects were also taken into account. Liquid water originates from water production by fuel cell electrochemistry. When fed-in reactants are dry, no liquid will appear at the beginning. As the water vapor is saturated down the channel, vapor condensation takes place, leading to liquid water formation. Capturing the point where two-phase flows emerge is important because the portion further downstream this onset point requires liquid water removal, as described by Luo et al. [28] and Wang [29] , which numerically captured the regime of twophase flow downstream. In the in-plane direction, water produced under the solid lands must reach the channel stream in order to be removed. Wang and Chen [30] investigated the liquid water profiles in both through-plane and in-plane direction and validated their predictions against experimental data, showing how GDL-property spatial variation and land compression influence liquid water distribution. Most of previous modeling studies excluded the channel two-phase flow and phase change. In the channel, liquid will accumulate along the flow direction due to water production and two-phase flow plays an important role in fuel cell operation [31e35]. Wang et al. [36] and Wang [37] modeled the two-phase flow in the along-channel direction, and analytically obtained the liquid saturation profiles in channels. The model [37] was further adopted to compare with experimental measurements for both hydrophilic and hydrophilic-hydrophobic micro channels [38, 39] . In addition to two-phase flow, droplet formation at the cathode GDL/channel interface may greatly impact fuel cell performance [40e44] . At the microscale, transport in GDLs takes place in the interconnected pore structure. Pore-level transport in GDLs was modeled and investigated by Sinha et al. [45] , Park and Li [46] , and Wang et al. [47] , to name just a few. In the two-phase regime, the heat pipe effect may occur and contribute to both water and heat removals [5, 48, 49] . Wang and Gundevia [48] carried out experiments in which heat pipe effect in carbon paper was measured and the impact of material wetting property was evaluated.
Though modeling has been attempted by various groups to study fuel cell operation and two-phase transport, little has been done to identify dimensionless parameters that characterize twophase flow in a fuel cell. In our previous analysis [50] , we identified a dimensionless parameter Da 0 which characterizes the inplane two-phase regime. When Da 0 is over 1, part of the GDL region is free of water due to waste heat production and evaporation. This paper examines the Da 0 number in a real fuel cell operation; especially, we will examine the Da 0 definition in a realistic fuel cell and its value along the gas flow channel. A liquid-free GDL region is defined and related to Da 0 with its benefits discussed. Impacts of operating temperatures, GDL thermal conductivities, and current densities on the region are discussed as well.
Theory

Along-channel water management
There is a dilemma in water management along gas flow channel: the inlet area may be subjected to dryness (when dry reactants are fed in) whereas there is a "flooding" issue near the outlet due to water production by the oxygen reduction reaction or ORR. Any strategies that alleviate the former likely worsen the latter, and vice versa. Down the channel, the reactant stream picks up water molecules from the ORR's production and increases its water content. When the stream reaches its saturated level, liquid water emerges, leading to two-phase flow. Liquid water in GDLs narrows the passage of oxygen transport toward the catalyst layer (CL), increasing transport resistance. Another issue is the liquid coverage on the GDL surface which hampers oxygen access to the reaction sites. Furthermore, the ORR is sluggish, exhibiting a large concentration loss under high current density. In this regard, liquidfree operation reduces the concentration loss by avoiding liquid blockage/narrowing of the oxygen transport passage. Dryness operation, however, leads to electrolyte dehydration, increasing the Ohmic voltage loss and raising material degradation or durability concerns.
Da 0 along gas flow channels
Water and waste heat are added to cathode GDL from CL. Water is then removed by channel gas flows; and most waste heat is taken away via lands. A dimensionless numberDa 0 as defined in our previous paper [50] , describes the relative importance of water addition rate to water removal rate:
In the above, the Sherwood number, Sh(¼ hmH ch Dw ), is determined by the mass transfer in gas flow channels. Mass transfer in micro channel, analogous to momentum/heat transfer, varies in the entrance region, but remains constant in the fully developed region. In the momentum transfer, the entrance region is where the boundary layer develops near the channel walls before meeting at the centerline. For laminar flow in tubes, the entrance length is about 5 times of the channel diameter (L/D~Re/20) for Re~100 which occurs in fuel cell channels. In this case, the length is about 2.5e10 mm and after that the channel stream is fully developed. In the fully developed portion, water enters the channel from the CL's ORR production and transports across the channel and condenses over the channel's cold surface, see Fig. 1(a) . Assuming the axial velocity remains constant and diffusion is the dominant throughplane transport mechanism in gas flow channel, the water flux via the vapor phase can be evaluated by:
where C w ch;wall is the vapor concentration at the channel bottom wall against the GDL. When the channel stream is two-phase flow, C w ch;wall can be approximated to the vapor saturated concentration determined by local temperature. In addition, we assume the Sherwood number is equal to 1. In the absence of along-channel temperature variation, C w ch;wall remains constant. Though defined for local GDL, the Da 0 number is also applicable to the entire GDL under the channel. Several factors affect the Da 0 number, including local self-heating, which is determined by local current density, interfacial overpotential and Ohmic resistance, the net water transport coefficient, GDL thermal conductivity, and temperature. Both self-heating and net water transport coefficient vary down the flow channel, but change within an order of magnitude. Other factors, such as temperature and GDL thermal conductivity, can significantly impact Da 0 , e.g. by several folds, which provides an effective way to practically control the GDL two-phase region. Fig. 2 shows the profiles of 
Mathematical modeling
Governing equations
To capture the phenomena in fuel cells, the mathematical model to be adopted accounts for the major electrochemical and transport mechanisms in the major components, including the catalyst layers and membrane, gas diffusion layer, gas flow channel, and bipolar plates. The governing equations are formulated through the conservation of mass, momentum, species, charges, and energy, and can be presented in a general form as follow:
where r is the multiphase mixture density, u ! the superficial fluid velocity vector, p the pressure, C k /C w the molar concentration of reactant/water, T the temperature, F (m) /F (s) the electrolyte/electronic phase potentials. G ! diff denotes the diffusion fluxes in gaseous, liquid and solid electrolyte phases. G ! w;perm represents the hydraulic permeation water flux through the membrane. The electrochemical and transport processes are coupled together through the model parameters and source terms. The physical properties, source terms, and electrochemical reaction kinetics are listed in Tables 1e3. Details regarding the above adopted model can be found in our previous work [24, 29, 30] and the review paper [1, 2] . Specially, the M 2 (multiphase mixture) formula [2, 5] is employed in the regions of catalyst layer and GDL; and the nonisothermal two-phase model accounts for both the vapor phase diffusion and heat pipe effect [24] . The model is capable of Continuity equation :
capturing the boundary between the single-and two-phase flows regions [29] , which is key to investigating the liquid region in GDLs. In the gas flow channel, we assume the liquid phase exists in tiny droplets travelling with gas flow without impacts on the gas-phase flow. Phase change at the colder wall surface (which accounts for most water condensation) is incorporated into the channel model. At the GDL/GC interface, because of lack of the data for the liquid coverage on GDL surface, zero liquid coverage is assumed. In the electrolyte membrane, the hydraulic permeation is taken into account [29] . In addition, we neglect the micropore layers (MPL) between the MEA and GDLs and assume a sufficiently large flow rate of coolant flow (which renders the bipolar outer surface at and C w sat as a function of temperature. Table 2 Source terms of the governing equations.
Membrane e 0 0 0 / À The considered electrochemical reactions in PEM fuel cells are: constant temperature) to better elucidate the physical phenomena occurring in the GDLs. The phase change in the gas flow channel is set as a boundary condition, which will be elaborated in the next section. Note that this paper is not to precisely address the complicated two-phase flow in gas flow channels or flow interaction, instead it aims to explain the consequence of phase change in the channel which is key to capture the GDL two-phase flow region.
Phase change (condensation) at the channel surface
In gas flow channels (GFCs), liquid water emerges as the vapor partial pressure reaches the saturated level. Assuming no supersaturated state exists, condensation will occur at the cold wall surface of channels. The local phase-change rate can be formulated by Refs. [50, 51] :
where n ! is the normal unit vector outward the targeted surface;
and C w ch and C w ch;wall the mean vapor concentration in the channel stream and vapor concentration at the channel's bottom surface, respectively. When liquid water is present at the channel surface, C w ch;wall is assumed as the saturated vapor concentration determined by local temperature. The mass transfer coefficient, h m , is determined by the Sherwood number (Sh ¼ hmH ch Dw ). In the fully developed region, Sh can be assumed constant,~3.66 [50] . Koz and Kandlikar found Sh to be 3.36 using 3D simulation [52] .
Due to condensation, a flux of the latent heat release associated with phase change is given by:
where G ! T;fg denotes the heat flux along the vector n ! due to phase change. Note that the above two equations are the boundary conditions of water and heat arising from the phase change at the channel surface.
Boundary conditions
Eq. (3) forms a complete set of governing equations with nine unknowns: u ! , P, C k , C w , T, F (m) , and F (s) . The boundary condition arising from phase change in the channel region is explained in the preceding section. Other corresponding boundary conditions are briefly described below.
Flow inlet boundary:
The inlet velocity u ! in in a gas channel is expressed by the respective anode or cathode stoichiometric flow ratio, i.e., x a or x c , defined using the average current density I as: 
where A a , A c , and A m are the flow cross-sectional areas of the anode and cathode gas channels and the membrane, respectively. The inlet molar concentrations are determined by the inlet pressure and humidity according to the ideal gas law.
Outlet boundary: Fully developed or no-flux conditions are applied.
Walls: No-slip and impermeable velocity condition and no-flux condition are imposed for the mass, momentum, proton and species (excluding water) conservation equations. The boundary conditions for the electronic phase potential F (s) and temperature T at the bipolar plate outer surfaces are expressed as:
where A c,wall is the cathode outer surface area. At other wall surfaces, symmetry conditions apply for both T and F (s) .
Numerical procedures
The governing equation Eq. (3) along with its boundary conditions is discretized by the finite volume method and solved in the commercial CFD software package, Fluent ® (version 6.0.12), by SIMPLE (semi-implicit method for pressure linked equation) algorithm. The SIMPLE algorithm updates the pressure and velocity fields from the solution of a pressure correction equation, solved by the algebraic multi-grid (AMG) method. Following the solution of the flow equation, energy, species, proton, and electron equations are solved. The source terms and physical properties are implemented in a UDF (user-defined function) and the species and charge transport equations are solved through the software's userdefined scalars. The mesh of a single-channel PEFC employed for the numerical study is shown in Fig. 1(b) . The computational domain, including the number of the computational cells in each dimension, is similar to our previous published work [30] . Geometrical and operating parameters are listed in Fig. 3(i) displays the liquid saturation distributions in the GDL at the 10%, 50% and 90% channel lengths from the inlet, respectively, under 80 C operating temperature. For the three typical locations, liquid is predicted to appear under the land and in part of the GDL under the cathode channel but it is not present under the anode channel. In the cathode, the saturation reaches as high as 20%, and is reduced to almost 0 near the centerline of the channel. As water is produced in the cathode CL, liquid also appears near the cathode CL under the channel. Though the predicted liquid content is low (<20%), the model excludes residual liquid water, which may exist randomly throughout the two-phase region and can only be removed through evaporation. Residual water can be trapped by the pore-network structure (e.g. a big pore with small throats or fiber connection sites) or surface heterogeneity (e.g. a hydrophilic region surrounded by hydrophobic one). It is, however, difficult to incorporate residual water mechanism into a macroscopic model, because the latter usually neglects micro-structural features of porous media. Wang and Chen [30] explained local GDL heterogeneity in both structure and surface wettability, showing such property may lead to local water trap. Hickner et al. [53] indicated that residual water can be significant in GDLs, based on a neutron radiography study. Fig. 4 directly displays liquid water formation in catalyst layer, MPL, and gas diffusion layer, indicating that liquid appears randomly in the microstructure of these media. When subject to unsaturated or dry surrounding, liquid can be removed through evaporation. Fig. 3 (ii) displays the temperature contours at the same locations. A similar trend is shown for the three locations and the peak temperature all appear under the channel. The "hot" region under the channel increases the evaporation rate of local liquid water, which may yield a liquid-free zone. Fig. 3(ii) shows that an approximate 1 K change is indicated within the GDL. However, evaporation is not strong enough to remove all the water added to the cathode, as shown in Fig. 3(i) . In addition, the near-inlet location exhibits the highest peak temperature because the local current density is high (to be shown later). Though the peak temperatures are different among the three locations, the liquid contents in the CL are similar. This can be explained by the fact that current density does not appear explicitly in the Da 0 expression. The local Da 0 profile along the channel will be given later.
Results and discussion
Eq. (1) shows that the GDL conductivity affects the Da 0 number. Fig. 3(iii) displays the temperature contours under a reduced thermal conductivity, 1 W/m K. Due to heat transport resistance increase, the peak temperature increases with the maximum by about 1.75 K, as seen in the CL. Note that higher temperature will increase local evaporation rate. The liquid saturation distributions are presented in Fig. 3(iv) , showing that the liquid region diminishes at all the three locations, specially part of the cathode CL under the channel is free of liquid. In the liquid-free GDL region, the vapor phase is below the saturated value, therefore no residual liquid exists at equilibrium. Due to adjacency to a two-phase region, the liquid-free region remains highly humidified, avoiding dryness.
Another factor that alters the Da 0 value is operating temperature. Fig. 5(i) presents the liquid water distributions under 60 C and with the GDL conductivity of 1.7 K/m K. The GDL's two-phase Note that in all the cases, we consider liquid water appears on the cathode channel wall. Fig. 6 displays the vapor and temperature distributions at the channel's centerline. In the cathode channel, the vapor concentration varies little down the channel, as we consider two-phase channel flow. The vapor concentration is higher near the inlet, which can be explained by higher local current density in favor of abundant oxygen. Further, Fig. 6(a) shows that only a very small GDL region near the inlet has liquid water, while most GDL area is free of liquid as the local vapor is yet saturated. Fig. 6(b) displays the temperature contours, showing that high GDL temperature appears near the inlet. In the outlet region, an approximate 364.15 K is shown in the CL, with the corresponding saturated vapor content about 23.7 mol/m 3 , which is higher than the vapor content in most GDL area as shown in Fig. 6(a) . Fig. 7 (i) plots the net water transfer coefficient a distribution along the channel, and shows that its value varies greatly in the inplane direction but changes little in the along-channel direction.
The observed small along-channel variation is attributed to the saturated channel stream (thus almost constant vapor concentration along the channel). The Da 0 number can be calculated based on the in-plane average a over the channel region:
Using the average value is physically sound because water transport occurs in the lateral direction as well, thus local accumulated water under a higher a region can transport to the region that has lower a. Note that the local current density changes significantly from the inlet to outlet, as shown in Fig. 7 (ii). A decrease trend from inlet to outlet and from channel to land, respectively, is shown for all the three cases, indicative of oxygen depletion down the channel and oxygen transport resistance enlarged by the land presence.
The Da 0 profiles along the channel, based on the average a, are plotted in Fig. 8 . It can be seen that the Da 0 number varies little along the channel in most of the region except near the inlet. For 0.5 A/cm 2 , the inlet region exhibits a slightly higher Da 0 . This is likely due to the fact that the inlet region is in favor of abundant oxygen therefore exhibiting a higher local current density and a smaller a as shown in Fig. 7 . For 90 C and 0.5 A/cm 2 , part of the inlet region has Da 0 over 1, which is consistent with the liquid water distributions shown in Figs. 5(ii) and 6(a).
Our previous study [50] indicates that higher current density may yield a larger single-phase GDL area. This can be explained by the increased voltage loss (and hence self-heating) as shown in the expression of the Da 0 number (Eq. (1)). Fig. 8 also plots the Da 0 profile along channels under 90 C and 1 A/cm 2 . It can be seen that the Da 0 number is less than 1 in the entire region. The near inlet region has a lower value of Da 0 , which is different with the one under 0.5 A/cm 2 , indicating the complex water transport across the membrane. Fig. 5(iii) shows the liquid water distribution under 90 C and 1 A/cm 2 . For the three locations, the GDL near the channel centerline is free of liquid water, consistent with Fig. 8 . Fig. 5 (iv) displays the temperature contours at the same locations. Though the contours are similar to those in the 0.5 A/cm 2 cases, the peak temperature is much higher, which is the main reason for the observed enlarged liquid-free GDL region.
Conclusions
In the present work, the two-phase transport and liquid-free regions in the cathode GDL was investigated through a 3-D numerical study. Phase change in gas flow channels was investigated and its effect was taken into account. Following a dimensionless parameter, Da 0 , as defined in our previous study, we extended the discussion for practical fuel cell channels for fully developed and saturated vapor phase condition. The Da 0 was further defined based on the in-plane averaged a to characterize the in-plane two-phase regime under flow channels. When the gas channel flow is twophase stream and no supersaturated state exists, the channel vapor content remains almost constant along the channel, thus Da 0 varies little. For Da 0 below 1, a liquid-free region near the channel centerline exists for the portion of the gas channel in two-phase flow regime. We also found that the GDL thermal conductivity and operating temperatures greatly affect the Da 0 value. Thus, their dependence can be explored for controlling the liquid-free region through careful design: under the studied cases of 90 C or low GDL thermal conductivity (1.0 W/m K), we successfully predicted a liquid-free region in the cathode GDL and CL near the channel centerline. In addition, we explored high current density operation, which results in a large area liquid-free region due to increased cell voltage loss. The benefits of creating such a GDL liquid-free region were also explained, which avoids the presence of residual liquid water (and associated "flooding" concern) and severe dryness. The finding is important for practical water management and operation strategy/fuel cell design to achieve better fuel cell performance and alleviate flooding/dryness-associated degradation.
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